Summary
Introduction
One of the challenges for society in the 21st century is the pursuit of alternative energy resources. The two main approaches to addressing this problem are recycling and the use of alternative renewable energy sources (such as wind and wave power), which are typically large scale approaches. Additional societal themes are the proliferation of mass-produced electronic products, many of which are portable (and hence rely on batteries) and the trend of increased miniaturisation in electronics. Nanotechnology is now emerging as a direct competitor of microtechnology. A key challenge is to extend more 'traditional' renewable energy approaches to the micro and nanotechnology level into the mass produced electronic product sector.
The rapid increase in demand for remote wireless devices has demonstrated the need for self-sufficient local power sources. The growth in wireless sensor systems has been facilitated by development of low-power Microelectromechanical Systems (MEMS) sensors and low-power communications standards such as ZigBee and other protocols in the IEEE 802.15.4 standard. Wireless operation allows such microsystems to be completely embedded in a structure with no physical connection to the outside world. Typically, the energy required to power such wireless systems is stored in batteries, which tend to be bulky, possess a finite amount of energy and have a limited shelf life. The periodic replacement of batteries places an additional cost, maintenance and environmental burden on the use of wireless sensor systems. Batteries are unsuitable for fully embedded applications because replacement might not be possible. The powering of wireless devices by harvesting energy from ambient sources in the environment, presents an opportunity to replace or augment batteries. The most common sources of ambient energy are: solar, vibration, chemical reaction, wind and thermoelectric.
Thermoelectric power generation can be used in applications where a thermal gradient exists. It offers many advantages over competing technologies including solid-state functionality with no moving parts, silent operation, long lifetime (around 200,000 hours or over 20 years), no emission of toxic gases, maintenance free, and high reliability [1] . Thermal energy is present as waste heat in most environments, e.g. buildings, industrial plant, vehicles (car exhaust or engines), and body heat. Ocean thermal energy has also attracted a lot of consideration. There are several areas of ocean (in the tropics or Red Sea) where the temperature of the surface water is 20-25°C higher than that of the water at a depth of 500m; hence providing useful temperature gradients for the use of thermoelectric devices [2] . Another attractive application of thermoelectric power harvesting is space exploration missions, where a radioisotope thermoelectric generator is used as a power source on spacecraft [3] . Therefore, the potential for recycling (or harvesting) this wasted energy by using thermoelectrics is significant.
The drawback of existing thermoelectric generators is their relatively low efficiency (~12-20%). Current commercially available devices are also quite bulky [4] . The work presented here addresses these drawbacks by using a combination of state-of-the-art micromachining techniques, together with ion-track nanolithography processes in order to improve the efficiency and power harvesting potential of such devices.
Thermoelectricity: principles
The Estonian physicist Thomas J. Seebeck discovered, in the 1820s, that if a closed-loop is formed by joining the ends of two strips of dissimilar metals and the two junctions of the metals are at different temperatures, an electromotive force (voltage) arises and is proportional to the temperature difference between the junctions. Therefore, electrical power can be generated from a temperature difference between two surfaces. This phenomenon is called the Seebeck (or thermoelectric) effect and is shown in Figure 1 . In 1834 the French physicist Jean C. A. Peltier discovered an effect inverse to the Seebeck effect: if a current passes through a thermocouple, the temperature of one junction increases and the temperature of the other decreases, so that heat is transferred from one junction to the other. The rate of heat transfer is proportional to the current and the direction of transfer is reversed if the current is reversed, this is shown in Figure 2 . Because the Peltier and Seebeck effects are directly related, the best materials for thermoelectric cooling are also optimized for power generation. Although thermoelectric (TE) phenomena were discovered more than 150 years ago, thermoelectric devices have only been used in commercial applications relatively recently. Many TE materials have been studied and their efficiency is determined using the ZT figure of merit. This is given by ZT=(α 
where S(α) AB =-(α) S BA is a Seebeck coefficient
where Π AB = -Π BA and Π AB is the Peltier coefficient
The challenge in obtaining materials with superior thermoelectric properties is the need to optimise a variety of conflicting properties. The electrical conductivity increases with increase in carrier concentration, while the Seebeck coefficient decreases with the maximum of the electrical power factor at a carrier concentration of ~ 1019/ cm3, which corresponds to semiconductor materials. Consequently, semiconductors are the materials most researched for thermoelectric applications ( Figure 3 ). [9, 10, 11] . All of these materials have a variety of drawbacks including incompatibility with NEMS technologies, toxicity and unsuitability for fabrication on flexible substrates. Thallium compounds have good ZT values of between 0.6 and 0.8 at room temperature, but the toxicity of thallium prohibits its use in many application areas.
BiSbTe alloys are traditionally used in commercial devices and offer a significant advantage; unlike the thermoelectric materials previously mentioned, they can be deposited using electrochemical techniques under thin-film or nanostructures and are compatible with MEMS/NEMS processes.
General concept of thermoelectric power generation
The manufacture of TE devices requires the fabrication of two different types of tall, heavily doped compound semiconductors structured on a common surface (Figure 4) . The TE elements must be connected electrically in series by having metal interconnects on both the upper and lower surfaces. These interconnects must possess a low contact resistance and have high mechanical strength, whilst having the ability to operate at high current densities and temperature gradients. The ideal TE device will contain over one hundred p-n couples connected electrically in series, but thermally in parallel between two planar surfaces.
The drawbacks of existing thermoelectric generators include their low efficiency and bulky nature. They are also typically fabricated onto rigid substrates, which poses limits for their mounting on nonthe thermoelectric figure of merit (ZT) of a material, a large thermopower (absolute value of the Seebeck coefficient), high electrical conductivity, and low thermal conductivity are required. 
where
where Π AB =-Π BA and Π AB is the Peltier coefficient The required structural arrangement of TE devices makes them very difficult to fabricate with existing MEMS processes. The current state-of-the-art in micro-scale thermoelectric devices was discussed in a recent publication by G. Jeffrey et al in Nature [8] . The thermoelectric devices described in this publication require a complex fabrication process that includes many photolithographic steps, electrochemical depositions and different etching processes. The devices contained 126 n-type and p-type Bi 2-x Sb x Te 3 thermoelectric elements, having dimensions 20µm tall and 60µm in diameter. This results in a volume of about 0.01mm 3 for one individual thermocouple and about 8000 mm 3 for the whole device. The Bi 2-x Sb x Te 3 alloy was used since it can be deposited using electrochemical techniques and is therefore compatible with MEMS processes. The maximum power generated by this device was about 1 µW with a thermal gradient of ~3°C/μm over the thickness (20µm). Whilst this is a promising start and just about enough to power wristwatches, it is not sufficient for many of today's wireless sensor applications.
Recently, theoretical analysis by Hicks [12] has shown that greatly improved efficiencies can be obtained with nanoscale thermoelectric elements. Theoretical predictions suggest that Bi 2 Te 3 , (currently the preferred thermoelectric material) fabricated in the form of 1D conductors or quantum nano-wires can increase the value of ZT to 14 for a wire of square cross-section and width 5Ǻ [13] . Quantum wire structures therefore have the potential to improve significantly the thermoelectric figure of merit, well above the best present values. The research reported in this paper concerns the use of non-traditional nano-scale machining processes, suitable for the fabrication of novel and high efficiency Bi 2-x Sb x Te 3 (with x from 0 to 2) thermoelectric elements. These processes consist of a combination of traditional silicon microfabrication techniques, electroplating, and submicron ion-track nanolithography. Recent publications have demonstrated the capability of the Bi 2-x Sb x Te 3 electroplating process for realising microstructures [14, 15] .
At the University of Southampton we are currently developing similar devices. These are in the form of thermoelectric nanostructured microgenerators, intended for use as independent power supplies for use in wireless sensor systems. In order to achieve this, the fabrication process is based on a combination of standard batch-compatible electroplating micromachining processes and state of the art ion-track technology. Such devices are initially intended for use in power harvesting applications and will be demonstrated by powering a wireless sensor node from modest temperature gradients (5-10K) at ambient room temperature.
Results: Design and fabrication of thermoelectric microgenerator
A schematic diagram of a thermoelectric nanostructured generator process flow is shown in Figure 5 . A thin layer of metal is evaporated onto an oxidised Si wafer, which acts as a seed layer for Bi-Sb-Te electroplating. This is followed by a deposition of a thick layer (20µm) of polyimide. The substrates are then exposed to the ion beam irradiation, producing the required parallel tracks. This stage is followed by n-type Bi 2 Te 3 and p-type Bi 2-x Sb x Te 3 electroplating. Finally, an aluminium layer is evaporated and patterned to form the upper interconnect layers between individual TE elements. The polyimide template is then removed, thereby "freeing" the Bi 2 Te 3 and Bi-Sb-Te nanoelements.
Ion-track technology for the fabrication of thermoelectric microgenerators
Ion lithography techniques use accelerated ions as a source to damage and impose a vertical anisotropy to the material, making it susceptible to chemical etching in the direction defined by the irradiation. Defects, vacancies, excitations and chemical modifications are induced in the trajectory of the ions, and hence the material is shifted to a state of higher energy. The damage induced by light ions is not continuous along the ion path and the individual ions transfer less energy to the material. A larger ion density in combination with sensitive polymer substrate is required to achieve a fully transformed material that may be subsequently removed. For heavy ion irradiation, each individual ion transfers more energy to the sample and therefore a lower ion density can be used. The ions follow a straight trajectory with essentially no lateral broadening during the first and principal part of their total range. Individual ion-tracks offer unique possibilities for the realisation of nanometer-sized, very-high-aspectratio structures (1000:1) at low cost and high throughput. The length of the track can reach up to several hundreds microns, corresponding to an extremely high aspect ratio. Single etched pores in polymer materials with aspect ratio of more than 1000 have been obtained [16] . The tracks in their unprocessed form are essentially conducting paths, i.e. ion channels. Ion tracks can be subsequently dissolved or etched thereby forming extremely high aspect ratio pores. The pores can be used as templates for electrodeposited nanostructures, e.g. nanowires, and larger scale structures can be achieved by increasing ion density causing adjacent pores to merge. The track density can be controlled between one track per sample up to 10 14 cm -2 where, in principle, the full material is transformed. Often, medium ion densities in the 10 6 -10 11 cm -2 range are used [17] . For our research, ion tracks in polyimide were produced by irradiation with Pb + (4Mev/A energy), which give an ion-track density of 5x10 9 ions/cm 2 . These polyimide samples were Kapton (12.7 μm thick, laminated onto silicon substrate) and Kapton (24 μm, substrate free foil) from Dupont. The irradiated polymer was pre-etched in H 2 O 2 solution at 60°C for 100 min followed by etching in sodium hypochlorite (NaClO, 13%, pH~12.5) solution at 60°C for 2.5 min. The etched polymer morphology was observed using a JSM-6500F scanning electron microscope (SEM-FEG) ( Figure 6 ). The diameter of pores etched under different conditions (temperature, pH, pre-etch conditions) was between 30 to 100 nm for different samples.
Bi 2-x Sb x Te 3 by electroplating
Electrochemical deposition provides an attractive low-cost, room temperature route to the fabrication of high quality films of Bi 2 -x Sb x Te 3 which have been shown to yield excellent thermoelectric properties [18] compared with the traditionally employed high-cost and vacuum-based production techniques such as metal organic vapour deposition (MOVPD), molecular beam epitaxy (MBE) including liquid phase epitaxy. In addition, both n-type and p-type Bi 2-x Sb x Te 3 films/nanostructures can be readily prepared by changing the deposition potential and by the use of additives in the solution. Moreover, electroplating process are capable of realising nanometre-scale structures, and also allow the optimisation of the properties of the microstructure (e.g. grain size, chemical composition and composition homogeneity across a sample), which play an important role in the performance of thermoelectric materials. A highly homogenous material and small grain size also improve the thermoelectric properties [20, 1 ]. Electrochemical deposition experiments were carried out in a three-electrode cell using an Autolab potentiostat/galvanostat. A large area platinum gauze and saturated calomel electrode (SCE) were used as counter and reference electrodes respectively. The working electrode for Bi 2 Te 3 nanowire deposition was an etched polyimide template with evaporated Cr/Au seed layer attached onto a sticky copper tape. The electrolyte solution was composed of 7.5 mM Bi 3+ and 10 mM HTeO 2 + dissolved in 1 M HNO 3 with a pH of 0.03. The film prepared at potential of -0.08 V vs. SCE at 20 º C exhibits a stoichiometric composition of Bi 2 Te 3 and a (110) preferred crystal orientation which is the most desirable one for thermoelectric applications. Therefore, these optimized electroplating parameters were applied to fabricate the nanowires. Skupinski et al reported that the smallest pores diameters for polyimide-photoresist of 2 microns thickness is 20nm, which gives the aspect ratio of 100 (2 microns/20nm aspect ratio) [21] . In the case of Kapton foil (24 microns/80nm) that we are using, the aspect ratio is 300.
Characterisation of microstructural & thermoelectric properties of Bi 2-x Sb x Te 3 -electroplated materials
The surface morphology and compositions of the Bi 2 Te 3 nanowires were characterised using a JSM-6500F SEM equipped with energy dispersive X-ray (EDX) microanalysis (Oxford Inca 300) operated at 20 kV. Fig. 8 shows a cross-section of Bi 2 Te 3 nanowires that have been electrochemically grown through a polyimide template. The average diameter of the nanowires is around 80 nm, which is consistent with the pore size of the polyimide template.
The observed fine-grained microstructure of 6-10 nm is promising for enhanced thermoelectric material properties, by way of reducing the thermal conductivity. Bi 2 Te 3 nanowires with close to stoichiometric EDX result (Bi 40.95% at and Te 59.05 %at) composition were electroplated. ). This can be explained by the surface imperfections of the electrodeposited Bi 2 Te 3 film, in particular the existence of pin-holes, which expose the gold seed layer to the transport measurements. Thermal conductivity, k, (0.47 W/mK) measurements were performed using an LFA 447/2-4/InSb NanoFlash system from Netzsch. The Seebeck coefficient α (-52µV/K) was determined using a custom-made Seebeck measurement unit, which was calibrated against a reference. The Peltier coefficient for the Bi 2 Te 3 film was found to be 15.6 mV.
Preliminary estimations for the factor of merit, ZT, of Bi 2 Te 3 electrodeposited films indicate that this is greater than 1, which is a very promising result for polycrystalline bismuth telluride materials fabricated by thin film technologies.
A simpler version of a generator having a volume of around 2.5mm 3 and comprising a single thermocouple was fabricated on a PC (poly-carbonate) flexible substrate, which was an ion-track irradiated commercial template with 10 8 pores/cm 2 and the pores size ranging from 15 to 25nm (Figure 8 ). This basic generator was made of nanowire arrays for each leg (10 8 nanowires/cm 2 ), where the n-junction was an electroplated Bi 2 Te 3 array of nanowires and the p-junction was an electroplated Bi 0.5 Sb 1.5 Te 3 array of nanowires.
The initial PC monoprototype was tested by measuring the factor of merit Z with a Z-meter DX4065 (from RMT Ltd). Unfortunately, the value of ZT was not detectable because of poor electrical contact between the n and p-type arrays of the nanowires and their respective contact pads, designed for external electrical connection. Therefore, further optimisation of the fabrication process is needed and this is the subject of ongoing research at Southampton.
Conclusions
Ion-track technology is a promising nanolithography tool for producing high-aspect ratio nanostructures. Aspect ratios of 1:300 have been achieved in this work, which is useful for the fabrication of nanostructured thermoelectric generators of smaller size and improved performance. Polyimide is a suitable polymer material for the fabrication of ion-track nanotemplates for the subsequent electroplating of Bi-Sb-Te nanowires in a thermoelectric nanostructured generator.
Electroplating parameters of Bi 2 Te 3 nanowires have been optimised and Bi 2 Te 3 nanowires of R3m structure with stoichiometric composition and grain preferential orientation in (110) for optimal thermoelectric properties have been electroplated into Polyimide nanotemplates having 30-100nm pore diameters and small grain size of 6-10nm. The thermoelectric properties of Bi 2 Te 3 electroplated thin films were measured and, as a result, the factor of merit ZT of greater than 1 has been estimated.
Future work will include the measurement of the Bi 2 Te 3 nanowire thermoelectric properties and further PC-monoprototype fabrication and prototype testing will be realised.
